There is a trend in many areas such as aerospace, gas turbines, and processing plants to replace mechanical linkages and hydraulic systems by direct electrical actuation. This change results in requirements for electromagnetic actuation in harsher environments specifically in terms of high temperature. This paper describes the design and experimental testing of a parallel-polarised permanent magnet latching actuator shown in Fig. 1 , suitable for high temperature applications.
There is a trend in many areas such as aerospace, gas turbines, and processing plants to replace mechanical linkages and hydraulic systems by direct electrical actuation. This change results in requirements for electromagnetic actuation in harsher environments specifically in terms of high temperature. This paper describes the design and experimental testing of a parallel-polarised permanent magnet latching actuator shown in Fig. 1 , suitable for high temperature applications.
To reduce the size of the device (which should produce at least 1 kN of closing force at 2 mm or less) slots were added to the pole faces of the stator and a corresponding inverse protrusion to the armature surface. Besides electromagnetic analysis, static and transient thermal analysis were performed to predict the maximum sustainable coil current density. For operation in an ambient environment of 230
• C with allowance for self-heating, internal temperatures within the coil are likely to exceed 300
• C, and hence the limits of conventional polymeric insulation systems. The use of high temperature wires and high temperature grades of permanent magnets is therefore essential. The coil of this device was formed using Fujithermo A wire which has a copper core conductor with nickel plating and a convertible ceramic insulation coating. The wire is manufactured with a polymeric layer to protect the wire during coil forming. High temperature grades of permanent magnets and soft magnetic materials were used in this device (samarium cobalt Sm 2 Co 17 and VACOFLUX 50 49% cobalt iron respectively) . The thermal model determined the maximum current density in the coil at a 2 mm air gap to be 5 A/mm 2 for steady state operation see Fig. 2 . Although the temperature in the device was highest in the coil at 359
• C it is the lower operating temperature of the magnet at 350
• C which limited the current density level for this design.
A prototype actuator has been manufactured. Fig. 3 shows an Instron loading frame test facility and the associated oven (maximum rating of 350 • C) which was used to measure the static forcedisplacement-current characteristics of the actuator. The actuator was initially tested at room temperature then heat-soaked at 230
• C until a steady state temperature in all the components was achieved, it was then re-tested.
Albeit the measured force does not meet the specification of 1 kN at the 2 mm airgap, there is good agreement between measured and predicted characteristics at smaller airgaps. 
Paper
High Temperature Permanent Magnet Actuator for Fail-Safe Applications
Introduction
There is a trend in many areas such as aerospace, gas turbines, and processing plants to replace mechanical linkages and hydraulic systems by direct electrical actuation. This change results in requirements for electromagnetic actuation in harsher environments specifically in terms of high temperature (1) . This paper describes the design and experimental testing of a parallel-polarised permanent magnet latching actuator suitable for high temperature applications. A particular feature of this actuator, which is shown in Fig. 1 , is its inherent fail-safe behaviour, since the armature retracts to the closed position in the absence of stator current without the requirement for a return spring. The permanent magnet produces a bias flux in the magnetic circuit through the primary working (variable) air gap thus provides an attractive force on the armature see Fig. 2 . This bias flux can be modulated by flux due to the stator coil mmf, to either aid or oppose the permanent magnet flux in the working air gap and hence increasing or reducing the force respectively as shown in Fig. 3 (2) . An advantage of this design is that the force modulation does not involve passing demagnetising flux through the magnet (although a small amount may pass through due to leakage) as the coil flux takes a "parallel path" through the secondary air gap as shown in Fig. 2 . This makes the device relatively immune to irreversible demagnetisation which is especially important at high temperature and for fail-safe applications. The specific actuator described in this paper was designed to operate in an ambient temperature of 230
• C and to produce a * Eindhoven University of Technology P.O.Box 513, 5600 MB, Eindhoven, The Netherlands * * Department of Electronic and Electrical Engineering, The University of Sheffield Mappin Street, Sheffield, S1 3JD, UK permanent closing force in the absence of stator current of at least 1 kN at an armature displacement, and hence air gap, of up to 2 mm. The degree to which this force can be modulated is predominantly limited by the thermal constraints of the materials used; this design specification requires a modulation of ±500 N in order to control the position of the armature against a given load. A major objective in the design process was to minimize the size and weight of the device. This was done through the selection of high performance materials, thermal analysis and design features incorporated into the pole faces to linearise the force characteristic allowing high force capability at large air gaps. Operation in high temperature environments inevitably incurs a mass penalty as the remanence and coercivity of the permanent magnet, the saturation flux density of the stator core and armature and the conductivity of the stator all decrease with increasing temperature, albeit at very different rates with the decrease in coil conductivity having the most pronounced effect on actuator size. Even ambient temperatures of 230
• C can produce quite a challenging environment for such high force devices.
To minimise the actuator mass for a given force and stroke specification, static and transient thermal analysis were performed to predict the maximum sustainable coil current density. As the particular specification considered involves generating forces at comparatively larger airgaps, a design feature reported in reference 3, which shapes the pole faces has been incorporated with due modification.
Actuator Design and Construction
For operation in an ambient environment of 230
• C, and hence the limits of conventional polymeric insulation systems. The use of high temperature wires and high temperature grades of permanent magnets is therefore essential. The coil of this device was formed using Fujithermo A wire which has a copper core conductor with nickel plating and a convertible ceramic insulation coating. The wire is manufactured with a polymeric layer to protect the wire during coil forming. The wire has a continuous temperature rating of 400
• C for over 20,000 hours operation before the breakdown voltage becomes reduced by 50% (4) . The formed coil was then over-wound with a mica tape and potted using a ceramic potting compound. The packing factor (the ratio of copper conductor area to actual winding area) for this type of coil was 43% which is competitive with standard wound coils. The net thermal conductivity of the coil was measured experimentally in a custom test-rig which is based on a standard uni-axial heat flow method (5) . High temperature grades of permanent magnets and soft magnetic materials were used in this device (Samarium Cobalt Sm 2 Co 17 and VACOFLUX 50 49% cobalt iron respectively) (6) . The permanent magnet material used had a remanence of 1.07 T (0.97 T at 230
• C), and coercivity of 800 kA/m its characteristic can be shown in Fig. 4 . Many soft magnetic materials can be used at 400
• C, which is the operating limit of the high temperature wires used, with very limited reduction in magnetic properties. For this design a 49% cobalt iron material (which has a Curie temperature of 950
• C) was used, as it has a high value of saturation flux density of 2.35 T, which means the device is smaller and lighter than if more conventional materials were used. The magnetic characteristic for 49% Cobalt Iron is shown in Fig. 5 .
In order to exploit the high temperature properties of the materials used while ensuring that their temperature limits were not exceeded an ANSYS axisymmetric finite element thermal model was employed. This model assumed, natural heat convection and radiation in ideal black body surroundings with the device mounted vertically in air. Analytical equations were used to estimate the values of convection heat transfer coefficient from the surfaces of the actuator as a function of temperature (7) and a relative surface emissivity of 0.2 was assumed (8) . The current and resulting copper loss in the coil were varied iteratively until the limiting temperature was reached in either the magnet or the coil. The model determined the maximum current density in the coil at a 2 mm air • C it is the lower operating temperature of the magnet at 350
• C which limited the current density level for this design. For transient operations and taking into account the fixtures for a specific application the current density could be greater than this value. To enable operation at higher current densities, future designs might involve filling the secondary air gap, and voids between the magnet side and outer pole with a non-magnetic material of similar thermal expansion but high thermal conductivity. Fig. 7 shows the leading design parameters of the actuator, which are defined in Table 1 . To prevent shock loads from collisions between the centre pole and the armature being transmitted through the centre pole and damaging the brittle permanent magnetic material the centre pole is reduced in height by a small amount, (named impact clearance in Table 1). The outer dimensions of the actuator were fixed by the space envelope available. The other dimensions were calculated by analysis of dimensional trade-offs to meet the requirements of modulation and closing force. For example, the centre pole and outer pole inner diameters (constrained to achieve equal pole areas) are selected to accommodate a given coil area without significantly increasing the coil slot height, which influences the available height to accommodate the permanent magnet. To reduce the size of the device (which should produce at least 1 kN of closing force at 2 mm or less) slots were added to the pole faces of the stator and a corresponding inverse protrusion to the armature surface. These features act to reduce the circuit reluctance at large air gaps and produce regions of localised higher flux density in the air gap than would be seen on a flat pole face device as shown in Fig. 8 , and hence, increase the force within a specific air gap range. Fig. 9 shows the open-circuit axial force produced on the armature against air gap; for a range of slot heights. These values were predicted by finite element analysis, the force being calculated using the virtual work method. From these results it can be seen that a 2 mm high slot significantly improves the force at 2 mm and hence achieves the specification; however the penalty in terms of force can be seen at smaller gaps.
High Temperature Testing
A prototype actuator, the dimensions of which are given in Table 1 , has been manufactured. Figs. 10 and 11 show an Instron loading frame test facility and the associated oven (maximum rating of 350
• C) which was used to measure the static force-displacement-current characteristics of the actuator. The actuator was initially tested at room temperature then heat-soaked at 230
The measured force characteristics at room temperature and 230
• C for a range of air gaps and currents are plotted in Figs. 12 and 13 with the characteristics predicted using finite element analysis. The results have a close agreement in terms of the general trend with air gap, modulation of the force with current and to the actual values measured.
There are some discrepancies, which may be attributed, in part, to friction caused by interference/contact of the pole protrusions on their corresponding slot. The clearance of 0.1 mm may have been insufficient given the difficulty of • C maintaining concentricity of all the parts within the prototype and thermal expansion of the materials. A comparison between the measured and predicted forcedisplacement characteristics at zero current is shown in Fig. 14. As will be evident, althought there is excelent corelation at airgaps of < 1.5 mm, there is a discrepancy at the design point of 2 mm, with the measured force of ∼ 880 N falling some 12% short of the specified rating. As discussed previousley, this armature displacement corresponds to the onset of overlap between the armature and stator projections and, as a consequence, will be very sensitive to manufacturing tolerances and heat treatment. There is nethertheless an underlying correlation between the measured and predicted modification to the behaviour of plain face actuators.
Conclusions
This paper has provided a description of a permanent magnet latching actuator capable of producing 1 kN at a 2 mm airgap in ambient conditions of 230
• C within a relatively compact volume/low mass. The actuator has been constructed from materials suitable for operation at elevated temperature and has been validated at the operational temperature.
